This study examines mechanisms for removal of bacteriophages (MS2 and phiX174) by ceramic membranes without application of flocculants. The ceramic membranes considered included ultraand microfiltration membranes of different materials. Phages were spiked into the feed water in pilot scale tests in a waterworks. The membranes with pore sizes of 10 nm provided a 2.5-4.0 log removal of the phages. For pore sizes of 50 nm, the log removal dropped to 0.96-1.8. The membrane with a pore size of 200 nm did not remove phages. So, the removal of both MS2-and phiX174-phages depended on the pore size of the membranes. But apart from pore size also other factors influence the removal of phages. Removal was 0.5-0.9 log higher for MS2-phages compared with phiX174-phages. Size exclusion seems to be the major but not the only mechanism which influences the efficiency of phage removal by ceramic membranes. 
INTRODUCTION
Micro-and ultrafiltration membranes, which are currently in operation in European waterworks, are made from organic materials. Recent developments showed that membranes made from inorganic materials could be promising in membrane technology in the future, due to their unique characteristics such as a hydrophilic surface with high resistance against mechanical, chemical and thermal stress (Lerch et al. ; Heijman & Bakker ; NGK ; Metawater ). Studies for removal of viruses by ceramic microfiltration membranes made from Al 2 O 3 in combination with flocculants are already published (Matsui et al. ; Matsushita et al. ) . This study examines mechanisms for removal of bacteriophages by ceramic membranes without application of flocculants. As a model system, two kinds of phages (MS2 and phiX174), similar in size but different in charge, were used. These phages are also often used for characterizing the removal by polymeric membranes (Hu et 
METHODS Membranes
Membranes made from several ceramic materials were considered in this study. As can be seen in Table 1 a silicon carbide/silicon oxide microfiltration membrane as well as pure and titanium dioxide coated aluminium oxide ultrafiltration membranes were included. Ceramic membranes were obtained from four different companies.
As a comparison, a polymeric membrane was also included in the investigations (polyethersulfone, 20 nm, 0.6 m 2 ). The examined materials are listed in Table 2 together with their isoelectric point (IEP). Data for IEP were obtained from the literature. The IEP describes the pH-value at which the surface of the membrane has no net electrical charge. The silicon carbide/silicon oxide material has a considerably lower IEP compared with the aluminium oxide. TiO 2 and ZrO 2 are used in some products as membrane layer material on Al 2 O 3 carriers. IEPs of ZrO 2 membrane layers are dependent on the production process. Wegmann et al. () showed that IEPs of ZrO 2 coatings were about 9 and 5.5 for a calcination temperature of 250 and 400 W C respectively. ZrO 2 -coatings produced at a calcination temperature of 250 W C are not durable. Therefore the products with ZrO 2 -membranes tested in this study are supposedly characterized by an IEP in the range of 5.5. The IEP of the polymeric membrane according to Ricq et al. () is to be expected at 2.2-2.4.
Phages
In order to test the removal of viruses in model experiments, two different phages were used: the F-specific RNA-phage MS2, with a diameter of 24 nm and an IEP of 3.9 and the somatic DNA-phage phiX174, with a diameter of 27 nm and an IEP of 6.6 (size and IEP of phages according to Dowd et al. ) . The phages were quantified by cultural methods. The analytical techniques for the enumeration of phages in water consist in mixing the water sample with a semi-solid nutrient medium and adding a bacterial culture sensitive to that phage. The complete mixture is then plated on a solid nutrient medium. After incubation, the phages are enumerated as plaques in the bacterial culture (number of plaque forming particles (pfp)).
MS2-bacteriophages were analyzed according to the method for enumeration of F-specific RNA-bacteriophages (DIN EN ISO 10705-1 a) and the stock solutions for the experiments were prepared according to Annex C of this standard method. The concentration in the stock solutions was about 10 12 pfp/mL.
The phiX174-phages belong to the group of somatic coliphages and therefore were analyzed with the method for enumeration of somatic coliphages (DIN EN ISO 10705-2 b). The stock solution for the experiments was prepared according to Annex C of this standard method. The concentration in the stock solution was about 10 9 pfp/mL.
Experimental set-up
Ceramic membranes were applied in pilot scale tests in a waterworks. Pretreated dam water, taken from the full scale plant was used as feed for the pilot plant. Pretreatment included a rapid sand prefiltration, ozonation, flocculation and dual media sand filtration. The TOC-concentration of feed water was 0.8 mg/L. For the experiments concerning the removal of phages, MS2-or phiX174-phages were spiked into the feed water. The concentration of phages was analyzed in samples of feed, filtrate and backwash water. Phages from stock solutions were added to 10 L of water with drinking water quality (without chlorine residuals) and mixed. After that, these 10 L were mixed into 150 L water in a 200 L tank. The feed concentration was approximately 10 5 -10 7 MS2-phages per mL and 10 5 phiX174-phages per mL, as the stock solution of phiX174 did not reach as high numbers as the MS2-stock solution. Some MS2-experiments were done with 10 5 as well as with 10 7 phages per mL, showing no difference in the results. A volume of 10-20 L of the spiked water was filtered by the membranes and the concentration of phages was measured in the feed and the filtrate, before backwashing. The backwash water was also analyzed in order to allow mass balances. The mass balance for the phages was determined by measuring the phages' concentrations (c) in the feed, filtrate and backwash water as well as the respective volumes (V), and calculating the absolute phages' numbers N from these (N ¼ c * V). This was done by collecting the whole backwash water in special containers during the backwash process. Weight was determined from the filled containers. Samples from the backwash water were taken for phages' concentration analysis after each run. Every experimental set-up involved three consecutive runs under comparable conditions. The recovery (R) was determined on the sum of absolute phage numbers in filtrate and backwash water divided by the absolute phage numbers in the feed according to:
Conductivity of feed water used in this study was about 3.8 mS/m. Theoretical considerations therefore revealed that charge interactions should be relevant for the feed water tested in this study.
Feed water used in this study with pH-values between 6.8 and 7.1 implies surface charges for membranes and phages according to Table 3 . Information on charge for the investigated membranes was given for the membrane layer as well as for the carrier material. In natural waters, as specified above, membranes made from silicon carbide or silicon oxide respectively are characterized by a negative surface charge whereas aluminium oxide membranes are charged positively. Membranes with an Al 2 O 3 -carrier material and a TiO 2 -or a TiO 2 -ZrO 2 -membrane layer are assumed to have a slightly negative charge on the feed side but a positive charge on the carrier side. The runs were conducted with virgin, cleaned or prefouled membranes.
RESULTS AND DISCUSSION Overview
Within this study, the total number of set-ups was limited to 12 different combinations of phages and membrane materials, due to time and material restrictions. Each set-up was normally done in triplicate. The overall results for recovery and log removal value (LRV) are summarized in Table 4 summarizes the conditions of membranes and the results of spiking tests. The conditions of membranes at the beginning of the phage spiking tests were described by normalized permeability at 20 W C using the same water quality as were used for the spiking tests. Permeability was influenced by the membrane itself and the operation history.
As an example, the 50 nm Al 2 O 3 membrane showed a considerably lower permeability compared with the 50 nm TiO 2 /Al 2 O 3 membrane. A fouled membrane was characterized by a decrease of permeability by about one order of magnitude.
In general, the recovery calculated from the mass balances was very variable. Especially for virgin membranes (No. 6, 10), the recovery seems to show an increase over the three consecutive filter runs according to Table 5 . Membranes after chemical cleaning (cleaning in place, CIP) (No. 1, 3, 5, 7, 11, 12) or fouled membranes (No. 2, 4, 8, 9) showed a better and more constant recovery. An explanation for this effect could be that phages are adsorbed on the membrane surface at first until the surface is saturated, which results in a low recovery. This adsorption would then give a higher retention (LRV) for those first runs of virgin membranes. In the frame of this study, it was not possible to look at this effect in more detail. Pierre et al. () could not 
Charge expected from the material, see discussion.
find adsorption of MS2 in ultrafiltration laboratory experiments. In most of the filter runs, 50-100% recovery could be reached, which is considered acceptable for this kind of experiments.
Removal of phages
In Table 5 the mean LRVs for all set-ups are given. As expected, for the 200 nm ceramic membranes (filter runs 1 and 2), no phage removal could be detected, whereas the membranes with smaller pore size showed a certain removal. The log removal as a function of pore size is also shown in Figure 1 .
According to the results summarized in Figure 1 , removal of both MS2-and phiX174-phages depends on membrane pore size in general. Ceramic membranes with pore sizes of 10 nm provided a 2.5-4.0 log phage removal under the conditions tested. For pore sizes of 50 nm the log removal dropped to 0.96-1.8. Log removal for a polymeric membrane whose pore size is 20 nm falls in between the log removal of the ceramic membranes. The silicon carbide/silicon dioxide (SiC/SiO 2 ) microfiltration membrane with a pore size of 200 nm did not remove phages as may be expected if size exclusion is the main removal mechanism. SiC/SiO 2 -membranes were only available as microfiltration membranes within this study. It is obvious from these results that for a given pore size the log-removal for phages varies up to 2 log, indicating that other factors influence the removal of phages which are worthy of more detailed discussion.
Comparison of MS2-and phiX174-phages
The dimensions of spherical-shaped phiX174-phages are comparable with MS2-phages. Therefore, size exclusion should be similar for both phages and not be responsible for differences in removal efficiency.
Due to their IEP, MS2-phages have a stronger negative charge compared with phiX174-phages. Positive surfaces should initiate higher MS2-phages counts at the membrane surface due to charge attraction. This may be concluded from examinations from Wegmann et al. () , showing for adsorbing material that phage retention was improved if phages and filter surface had opposite charges.
The results of the study showed that removal was 0.5-0.9 log higher for MS2-phages compared with phiX174-phages as can be seen from Figure 2 . This effect may be explained by charge attraction. MS2-phages adsorb better on positive surfaces compared with phiX174-phages. Under these circumstances, higher counts for MS2-phages are expected within the boundary layer between the membrane surface and bulk liquid. Due to adsorption, lower MS2-phages counts are found in the filtrate. Removal efficiency between the 50 nm pure aluminium oxide membrane and the 50 nm coated aluminium oxide membrane showed roughly comparable removal efficiencies for both phages. This result was unexpected according to the previously proposed mechanism and could be explained with a predominance of the charge of the carrier material against the charge of the membrane layer. This would mean that even the TiO 2 /Al 2 O 3 -membrane is characterized by a positive charge in contrast to the theoretical expected negative surface charge according to Table 3 . To verify this hypothesis, detailed measurements of membrane surface charge are required. Moreover, additional effects such as hydrophilicity should be considered.
Influence of prefouling
During water treatment, membrane fouling with dissolved and undissolved organic and inorganic substances such as particles (particulate fouling), polysaccarides (organic fouling) and metabolites (biofouling) is an unwanted but natural process. For two runs, membranes were pre-fouled with the non-spiked feed water under operating conditions typical for water treatment up to a resistance at which a chemical cleaning (CIP) would be reasonable. The background for these experiments was to simulate conditions in the waterworks, which may influence the phage removal due to organic fouling. The comparisons are shown in Figure 3 .
The virgin SiC/SiO 2 -microfiltration membrane with a pore diameter of 200 nm showed no removal of MS2-phages due to the membrane pore diameter and the negative charge of both membrane and MS2-phages, resulting in charge repulsion on the membrane surface. Pre-fouling the SiC/SiO 2 -microfiltration membrane had no effect on MS2-phage removal efficiency. The slight release of MS2-phages which can be seen in Figure 3 is within the analytical error.
No elimination of phages was found for 100 nm Al 2 O 3 -microfiltration membranes in other studies without dosage of flocculant (Matsushita et al. ) either. This is in agreement with the expectations because the pore diameter is much larger compared with the phage diameter, despite the fact that Al 2 O 3 -membranes are characterized by a positive surface charge.
For the 50 nm ultrafiltration membrane MS2-removal was somewhat higher after pre-fouling the membrane. This result could be due to size exclusion of fouled pores. On the other hand, pre-fouling with organic matter may cause a stronger negative membrane surface charge, which was found for nanofiltration membranes by Verliefde (). Therefore pre-fouled membranes could initiate elevated charge repulsion with the negatively charged MS2-phages. Pre-fouling may be also responsible for changes in surface structure leading to different physico-chemical interactions (e.g. charge, hydrophilicity), which complicates the identification of the main mechanism for phage removal by prefouled membranes.
CONCLUSIONS
In this study, the influence of steric and charge mechanisms on removal of particles in the size range of viruses (nanoparticles) were studied during filtration with ceramic membranes without usage of flocculants. Nominal pore sizes of 10 nm provided a log removal of 2.5-4.0.
Size exclusion was found to be the major but not the only mechanism which influences the efficiency of phage removal by filtration with ceramic membranes. Under the conditions of the study, ceramic membranes showed a 0.5-0.9 log higher log-removal for negatively charged MS2-phages compared with the uncharged phiX174-phages, despite having the same diameter for both phages. Comprehensive examinations of the actual membrane surface charge, e.g. by Zeta-potential, to confirm the membrane charge expected from the membrane material would support the identification of the basic mechanisms, which are responsible for the observed effects.
Pre-fouling was found to improve the removal of MS2-phages slightly for the 50 nm ultrafiltration membrane. This result could be due to size exclusion of fouled pores. However, no effect of pre-fouling was measured for the 200 nm SiC/SiO 2 -membrane.
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